Power dissipation in digital circuits has become a primary concern in electronic design. With increasing usage of portable devices, there are severe restrictions being placed on the size, weight and power of batteries. In this work, we propose a design of a dual V th feedback type four-transistor level converter (DVF4) with reduced delay and power overheads. The use of DVF4 enhances the effectiveness of a dual-voltage low-power design. The level converter can be used in a circuit with multi supply voltage system where low supply gates may feed into high supply gates resulting in lower power and higher speed than with previously published level converters. The proposed level converter is based on a feedback circuit and employs multi-V th technique. To portray the advantages, we compare the proposed level converter with a previously published level converter for various supply voltages and observe 17.44% to 53% power savings and around 50% delay reduction over the best 32 nm CMOS design available in the literature. The impact of process variations is also examined. When used with dual VDD designs, the new level converter renders up to 61% more energy savings for benchmark circuits in comparison when level converters are not allowed. Furthermore, a level converter flip-flop combination performs better than an existing level converting flip-flop. A single-threshold alternative of the new level converter still remains effective, though over a reduced voltage range.
INTRODUCTION
Technology scaling makes Gordon Moore's prediction 1, 2 possible by integrating more transistors on a chip. This increased number of transistors reduces the cost per transistor and improves the performance of devices. With high system clock frequency and increased number of transistors, the increased power consumption of devices becomes an important design constraint, primarily for portable devices. Circuits consuming more power require batteries to be charged more frequently. It has therefore become important not only to optimize circuits for delay and area, but also for power. Greater emphasis on finding new and more effective power reduction techniques can be expected in the future. Power reduction techniques at various levels of abstraction have been used in modern digital world. Popular techniques include multiple supply voltages, multiple threshold voltages, clock gating, and power saving architectural features.
Voltage scaling reduces power consumption quadratically, hence it is superior to reducing the frequency of operation or scaling the threshold voltage. Because lowering of supply voltage (VDD) reduces the speed of the circuit, a dual or multi-VDD design would not lower the VDD on critical paths. 3, 4 Thus, there are two or more voltage signal levels in the circuit, which might give rise to undesirable power consumption and delays when low voltage gates feed into high voltage gates. An under-driven signal will cause high rise and fall transition time, and this will increase the static DC current and reduce noise margins. A slow transition time means the signal spends a longer time close to the threshold voltage (V th ), causing the short circuit current to be high. This situation can be corrected by level conversion at the output of low voltage gates driving high voltage gates. Also, there are high voltage gates driving low voltage gates. However, in this case level conversion is not required because the higher input signal voltage will allow the gate with low supply voltage to function properly.
The supply voltage assignment of gates is extremely important because the value of lower VDD and the number of gates supplied by that low VDD determine the reduction in power consumption. Two algorithms have been proposed for the assignment of VDD to gates, (1) Clustered Voltage Scaling (CVS) [5] [6] [7] and (2) Extended Clustered Voltage Scaling (ECVS). 8 In CVS, the cells driven by each power supply are grouped together such that low voltage gates do not feed into high voltage gates. In ECVS, this restriction is removed but a level converter (LC) must be inserted whenever a low voltage gate feeds into a high voltage gate. In general, ECVS can get more power saving than CVS and that benefit enhances as the power and delay overheads of LC are decreased by improving its design.
Multiple thresholds and transistor sizing can be combined with voltage scaling to get more power savings. When using multiple supply voltages in a circuit we might need to convert the voltage level from one value to another, by using level converters. There have been many level converters described in the literature. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] A level converter either has high power consumption or high delay. The motive is to design a level converter that could save on power consumption without incurring more delay. For a given higher voltage level, a good level converter should maintain this characteristic as the lower voltage level drops (preferably close to the threshold voltage), thus providing most power saving in a dual voltage design. We can use a slack based algorithm for dual voltage assignment and also allow level converter overhead and have energy savings.
LEVEL CONVERTERS
Level converters are circuits that convert one level of voltage into another. The use of level converters comes into effect when there are two or more voltage signals used in the circuit. In case of dual supply voltages, the level converter is used to convert from a low voltage to a high voltage. Level converters are of two types:
Feedback Based Level Converters
Feedback based level converters, as the name suggests, depend on some form of feedback circuitry. When a lowswing signal directly drives a gate that is connected to a higher supply voltage, the pull-up network of the receiver cannot be fully turned off. The receiver therefore produces static DC current. In order to suppress this DC current, feedback-based level converters isolate the pull-up network from the low-swing input signal. The traditional level converters, however, suffer from high short-circuit power and high propagation delay due to the typical slow response of the feedback circuitry. Furthermore, the pull-down network in these circuits is driven by low voltage swing signals while the pull-up network is driven by full-swing signals. At very low input voltages, the widths of the transistors that are directly driven by the low-swing signals need to be significantly increased in order to balance the strength of the pull-up and the pull-down networks. This causes further degradation in the speed and the power efficiency of conventional level converters.
Multi-Threshold Level Converters
Unlike the level converters that depend on feedback circuits, multi-threshold level converters rely on multi-V th technique in order to eliminate static DC current. This enables the level converter to save on power and delay.
Standard Level Converter
A frequently used design, we will call standard level converter, is shown in Figure 1 . 21, 22 The circuit operates as follows. When the input IN is at VDD1 (low signal level), transistor TN1 is turned ON and hence node OUT1 would settle to a low value. This turns on transistor TP2. The low output from the inverter turns off transistor TN2 and hence node OUT2 gets a high value of VDD2. This would turn off transistor TP1. Thus, a logic 1 input at a lower voltage level VDD1 is converted into a high output of VDD2. An input of logic 0 (0 V) makes the output of the inverter VDD1, which is fed to the gate input of transistor TN2. This pulls the node OUT2 to GND, turning TP1 on and setting OUT1 to high (VDD2). This high will turn OFF TP2 making node OUT2 to remain at 0 V. 23 Although the use of this level converter is frequently cited, its performance deteriorates as the low signal level becomes closer to the threshold voltage and the inverter slows down, basically increasing the delay of the level converter. Besides, power consumption increases. Consider a rising transition at IN. TN1 and TP2 turn ON quickly while TN2 and TP1 are slow to turn OFF, causing increased short circuit power.
Multi-V th Level
Converter A multi-V th level converter 24 is shown in Figure 2 . The static DC current is eliminated by employing a multi-V th technique. In general, delay is based on the threshold voltage. Higher the threshold, higher will be the delay. This level converter has fewer transistors when compared with the standard level converter. Its power consumption can be lower than that of the standard level converter. The working of the level converter is as follows. Transistor M1 is always ON as its gate is fixed at VDDL. When there is a logic 0 or 0 volt at IN, transistor M1 acts as a passtransistor sending a perfect '0' to OUT. The '0' at the input sets the output of the inverter high (VDDL) making sure that the transistor M2 is OFF. When there is a logic 1 or VDDL at IN, the output of the inverter is '0', which turns M2 ON pulling OUT to VDD. The reverse current from VDD to IN is reduced by the high threshold voltage channel of M2. At lower voltages the size of the transistor is not increased, but the threshold voltage of M2 is increased to get proper VDD and '0' levels at OUT.
For power this level converter is only marginally better than the standard level converter. However, its delay for low signal levels is smaller, primarily because an input to output path is provided by the pass transistor. However, the slowing down of its inverter can cause higher conduction from VDD to IN.
DVF4: A Dual V th Feedback Type 4-Transistor
Level Converter In this section we will describe the newly proposed DVF4, a dual V th feedback type 4-transistor level converter. 25 It utilizes feedback circuitry and employs multi-V th technique to suppress the static DC current and to enable the circuit to be faster than the previous level converters. The DVF4 circuit is shown in the Figure 3 .
Design of Level Converter
The DVF4 level converter has a feedback from the output to the gate input of M4 transistor. M4 transistor is needed to restore the logic to '0' if the previous input state was VDDL. M3 transistor has high threshold voltage to reduce the static DC current. M2 is an always ON pass transistor with its gate tied to VDDL. It isolates the two supply signals. The gate voltage for M2 is kept below VDDL + V th−M1 to make sure that the two supply signals are isolated. As in the multi-V th design, the pass transistor makes the falling signal transition faster at the output.
Working of Level Converter
When there is a VDDL at IN, M1 is turned ON and the node x is discharged to '0'. The '0' on x turns M3 (PMOS) transistor ON, pulling OUT to proper logic level VDD. The gate of M4 is now at VDD turning the transistor M4 OFF and holding the gate of M3 to stable logic '0'. For a rising transition from VDDL logic to VDD logic DVF4 requires only 3 transistors (M1, M2, M3). When there is a logic '0' at IN, it is transmitted to output by the pass transistor M2. We use an NMOS pass transistor because it transmits a perfect '0'. M2 is always ON as its gate is fixed at VDDL. Since M1 is OFF, the voltage on node x can be unknown. There can be a random voltage value at node x if the previous logic state of IN was VDDL. Due to this random voltage M3 may not be fully OFF. To make sure that M3 is OFF, we have a keeper transistor M4 that is supplied by VDD and the gate is connected to OUT. So, when there is a '0' at the output, M4 is turned on, and the value at node x is VDD. This VDD at node x keeps M3 in OFF state, thereby providing a proper logic '0' at OUT. For any particular transition, either falling or rising, only 3 transistors are needed for the proper functioning of the circuit. For 1-to-0' transition, M2, M3, M4 transistors are needed, and for 0-to-1 transition M1, M3, M4 transistors are needed. The effect of process variations on threshold voltage of M3 transistor is discussed in Section 3.1.1.
A Single V th Version
Having dual V th adds to design and process complexity and practical implementations typically restrict the number of threshold voltages to two. We also redesigned DVF4 to function with single threshold voltage. For the single V th design the width of transistor M3 (shown with high threshold in Figure 3 ) is reduced to decrease the leakage. This reduction causes delay to increase, so, the sizes of M1 and M2 are increased to compensate for the delay increase. We use an optimizer program to achieve minimum power consumption and minimum delay. The design is identical to DVF4 of Figure 3 except that dual thresholds are changed to single threshold voltage with larger NMOS transistors.
POWER CONSUMPTION AND DELAY CHARACTERISTICS
We compare the speed and the power consumption of DVF4 level converter as shown in Figure 3 with the previous best multi-V th level converter (Fig. 2 ) and the standard level converter (Fig. 1) . Two overheads of level converters, propagation delay and power consumption, are important factors in determining the optimum supply voltage in multi-VDD designs. The range in which the voltage levels are selected depend on the technology used and in this paper voltage levels from 0.4 V to 1.0 V are considered. The simulations are carried out for voltage levels in this range. The inputs are 100 random vectors applied with a period of critical delay to determine the circuit's average activity.
The standard level converter 21, 22 and the multi-V th level converter 24 are redesigned for simulation in 32 nm CMOS technology and are compared with the proposed DVF4 level converter. A simulation setup for the evaluation of level converters is shown in the Figure 4 . The sizes of driver A and load B are four times the size of a standard inverter. The propagation delay, average of rise and fall delays, is measured from input of A to output of B. The average power consumption and delay are measured through Hspice 26 simulation for the whole circuit including the driver and load inverters. Initially, the base setup power and delay are measured with driver A feeding directly into load B. Then a level converter is inserted and the measurements repeated. By subtracting the measured values for the base setup, we get the power and delay for the level converter.
Transistors in the level converter are optimized for both power consumption and propagation delay using an optimizer program written in Perl. 27 Results of Hspice 26 simulation using the 32 nm predictive technology model (PTM) 28 are tabulated in Table I for various VDDL and V H = 1 0 V. We also simulated various other level converters described in the literature using the same simulation setup. The multi-V th level converter 24 is found to be the best among the previously available designs and hence it is used for comparison with DVF4. For clarity, only standard level converter and multi-V th level converter are shown in Table I . Table I shows that when the input voltage (VDDL) is lowered in the range {1.0-0.4 V}, the average power of DVF4 decreases proportionately and it also performs better in terms of delay against the multi-V th level converter 24 (best available level converter in the literature). We optimize the level converter for threshold voltage of M3 and widths of the M3 and M4 transistors using an optimizer program written using Perl. The threshold voltage and the width is increased gradually for the said voltage range and for each loop the simulation is run using Hspice invoked by the Perl program, the average power and delay values are recorded. By using a simple sorting algorithm for minimum power-delay product (PDP), the corresponding widths and threshold voltage are found for each input voltage. Through this optimization of DVF4, we get a threshold voltage range from −0 58 V to −0 72 V for M3 PMOS transistor, the high voltage (VDD) being 1.0 V for 32 nm CMOS technology. The optimized width of M3 is determined as 0.120 for most VDDL and 0.106 for VDDL = 0 7 V.
Dual V th Simulation
The short-circuit current or the reverse current from VDD to input through M2 is reduced by the combination of the high threshold voltage and the reduced width of M3. As a result, we have better power savings as compared to the alternative designs. Before starting the design we set the power consumption of a standard inverter as a target. For the 32 nm CMOS technology we used, the widths of n and p devices were 0.08 and 0.144 , respectively. The delay and power consumption of the simulation setup for the level converters described above is compared to one standard inverter are shown in Figures 5  and 6 . One standard inverter is simulated for 100 random vectors, the power and delay values are recorded for the input voltage range as stated before. From Figure 5 , we observe that the power consumption of DVF4-setup is significantly better than the existing multi-V th level converter and nearly approaches the power consumption of one standard inverter. From Figure 6 , the delay of the DVF4 setup is better than multi-V th level converter, until the input voltage is 0.4 when there is no delay saving. A possible reason is that as the threshold voltage is increased to suppress the reverse current from high voltage supply to low input signal the delay increases. Both level converters do not reach the delay target of one standard inverter, but the delay of DVF4 is closer to target than that of the multi-V th design. Further reduction of delay could be a problem for the future research. 
Effect of Process Variation in Threshold Voltage
The impact of process variation on level converters is a critical issue. A level converter may fail to convert from one voltage level to the other due to the process variation in threshold voltage of the device. Besides, the effect of threshold voltage variation on short circuit current is important as it might affect the delay and the power consumption. There have been predictions made on how process variation effect on delay and performance may be the single biggest impediment to device scaling. 29 A recent work 30 examines threshold variation with respect to the technology scaling. It is shown that the threshold voltage variation can be modeled as a normal distribution. 31 From available data, 30 we can infer that the threshold voltage variation for 32 nm technology can be around 15%. Results of our study are given in Table II Table II .
From Table II , the impact of threshold voltage on PDP of the proposed level converter (DVF4) varies from as low as 2.1% of the normal PDP to a maximum of 68.9%, with one exception. That exception occurs when the threshold variation is +30% and the input voltage is 0.4 V. The PDP variation is 161.26% or 1.6 times the nominal PDP. If we assume the maximum threshold voltage variation to be around 15%, 30 then it would be reasonable to conclude that the proposed level converter will retain its usefulness. Besides, the effect of process variation on power and delay can be easily estimated as shown here and accounted for in the design of dual-voltage circuits.
Single-V th Version of DVF4
We redesigned the level converter for proper functionality using single threshold voltage. Dual V th is a technique of reducing the leakage of a circuit. However, leakage can also be reduced by transistor sizing. When the size of a PMOS transistor is reduced the resistance of the device increases thereby reducing the leakage current, but the delay of the device also increases. We employ this concept in designing the single-V th level converter. The simulation results are shown in the Table III. Transistors of DVF4 were re-sized. Transistor sizing affects the threshold voltage, but we resize the transistors to keep the variation at a minimum. This way, we can keep the number of threshold voltages to a single value for NMOS and PMOS transistors. The threshold voltages of NMOS and PMOS devices are kept at their nominal values for 32 nm technology, 0.508 V and −0 455 V, respectively. The rise and fall delay times are made almost equal, thereby reducing the short-circuit current. Table III the single-V th alternative of DVF4 still performs better than the multi-V th level converter. 24 But, as 
SLACK-BASED DUAL-VOLTAGE DESIGN USING LEVEL CONVERTERS
We examine the energy-saving potential of various level converters when used in dual-voltage circuits. We will use 32 nm CMOS PTM 28 for experiments. In each evaluation an original circuit has a supply voltage VDD = 1 V. Its critical path delay and clock period are determined. Then we design a low-power version by determining a lower voltage VDDL and assigning a subset of gates to this voltage such that the critical path delay remains unchanged and power is minimized.
The assignment of gates to VDDL is done by a method called extended clustered voltage scaling (ECVS). 8 ECVS does not impose the condition that only high voltage gates may feed other high voltage gates and allows any low voltage gate to feed high voltage gates through an asynchronous level converter (ALC) to shift the logic level from low to high. As a result more gates are assigned to lower voltage and hence higher energy saving can be expected. However, the level converters inserted at interfaces between outputs of low-voltage gates and inputs of high-voltage gates contribute to delay and energy consumption that needs to be taken into account while calculating the final energy saving.
We use slack based algorithms [32] [33] [34] [35] [36] for determining VDDL and its assignment to gates. The slack of a gate is determined by subtracting the delay of the longest path through that gate from the critical path delay of the circuit. 
Lowering the supply voltage of a gate increases its delay and hence reduces its slack. This also reduces the slack of other gates whose longest paths include this low-voltage gate. Recent work 34 gives four slack based algorithms to facilitate dual-voltage design of a given circuit with specified netlist, nominal supply voltage and technology data:
• Algorithm 1: Determines the critical path delay and slacks for all gates. This algorithm is used within other three algorithms.
• Algorithm 2: Finds an optimal lower supply voltage for dual voltage low power design.
• Algorithm 3: Assigns two given voltages to gates using a topological constraint that a low voltage gate must not feed a high voltage gates leading to a dual voltage low power design without level converters.
• Algorithm 4: For given power and delay characteristics of a level converter, assigns two given voltages to gates leading to a dual voltage low power design with level converters.
The present motivation is to show energy savings when level converters are used. This is achieved by using the proposed DVF4 level converter overhead at the junction of low voltage and high voltage gates. Assignment of dual voltages to gates of ISCAS'85 benchmark circuits is done by using Algorithm 4. These circuits are synthesized using a small set of 90 nm predictive technology 28 standard cells consisting of inverter, INV, two-input NAND gate, NAND2, three-input NAND gate, NAND3, and two-input NOR gate NOR2. Each circuit is simulated using a logic simulator with 100 randomly generated input vectors to determine the circuit's signal activity. Gate capacitances, obtained from the circuit database, allow estimation of energy consumption. Table IV shows the data on energy saving for various benchmark circuits when the DVF4 level converters are used and when no level converter is used in dual-VDD designs. From Table IV , we find that by using DVF4 level converter the energy savings are comparatively greater than those obtained from dual-V DD designs without level converter.
Inverter Tree Experiment
To measure the delay effectiveness of DVF4 in saving power power in comparison to the best available level converter, i.e., multi-V th level converter, 24 we use an experimental structure shown in the Figure 8 . The circuit has four chains of inverters, supplied by the nominal supply voltage, VDD. A long chain of 20 inverters determines the critical path delay. Four other shorter chains have 10 inverters each. All chains feed into a NAND gate whose output signal level level is required to be VDD. The input vectors are 100 random vectors with a period of critical delay. Again, we use 32 nm CMOS PTM 28 for the simulations.
In dual voltage design, the shorter chain is supplied by both VDD and optimum VDDL as determined using Algorithm 2 34, 36 which takes in account of the
Jayaraman and Agrawal
A Four-Transistor Level Converter for Dual-Voltage Low-Power Design Fig. 9 . An experimental circuit to measure average power when using DVF4. power consumption and the delay of the levelconverter in determining the optimum input voltage. Algorithm 4 34, 36 assigns the low and high voltages to gates inserting level converters at the output of the low voltage gates feeding into the NAND gate. Thus, all inverters on the long chain are assigned to VDD. Each short chain has one level converter just before the NAND and several VDDL inverters optimum VDDL for DVF4 design is 0.7 V and we have 47.5% power savings against single VDD design with the critical delay being the constraint (obtained from the long chain). Similarly, VDDL for multi-V th design is 0.8 V for the same delay. This increase in VDDL was responsible for the lower power savings of 22.38%.
DVF4 and Flip-Flop Combination Experiment
Level converters are sometimes combined with flip-flops, which then becomes a key element at the voltage boundary. Several level converting flop-flop (LCFF) structures have been investigated in the literature. [37] [38] [39] We perform an experiment to see how DVF4 in combination with a flip-flop performs against the existing level converting flipflops. We simulated several LCFF's 37, 38 described in the literature with 100 random vectors and selected the best LCFF based on the minimum power-delay product (PDP). This LCFF is shown in Figure 11 . We selected a latch described for Intel Itanium 2 processor 22 for combining with the DVF4 level converter to make an LCFF replacement. This latch is shown in Figure 12 . We use a latch instead of FFs because the level converting flip-flop design which we compare to is a pulsed latch level converter. 38 The setup structure for this experiment is as shown in the Figure 13 . It has one long chain and several short chains, each feeding a separate output latch. Suppose we have a circuit with 10 latches, 5 primary inputs (PIs) and 5 primary outouts (POs). Each PI feeds into a separate latch and each PO is driven by a separate latch. There are five inverter chains between inputs and outputs. One chain has 20 inverters and others have 10 each. This reference circuit is simulated with single VDD, the critical delay and the average power are measured for use as reference for comparison of latches. The input vectors are 100 random vectors with a period of critical delay.
All latches have the same clock period, determined by the longest chain in the entire circuit. The optimum input voltages for the two cases are determined by Algorithm 2 34, 36 as described in the previous section. The simulation is carried out in 32 nm CMOS PTM 28 using dual supplies, VDD and VDDL. The simulation structure is shown in Figure 14 . In each short chain, the numbers of gates assigned to VDD and VDDL are 4 and 6, respectively, in the short chains. The number of VDDL and VDD gates are determined by Algorithm 4 34, 36 and the critical delay was obtained from the reference circuit (when single VDD was used). The simulation is repeated for DVF4-latch combination as shown in the Figure 15 . The average power and the delay are tabulated in Table VI , which provides comparison against the single VDD reference and the level converting flip-flop setups. The optimum low voltage (VDDL) is determined by Algorithm 2 34, 36 as discussed before. In each short chain, the number of VDDL gates is 8 and that of VDD gates is 2, as determined by Algorithm 4. 34, 36 From Table VI, the power savings for DVF4-latch combination is 52.2% better than the single VDD reference circuit and for the best existing LCFF it is 25.47% better than the same reference circuit.
CONCLUSION
In this paper, DVF4, a new level converter based on dual-V th and feedback technique is proposed and compared to the best available level converter. The level converter is optimized for minimum power consumption and delay in 32 nm CMOS technology, the proposed level converter (DVF4) offers power savings up to 53% and delay savings up to 50%. DVF4 offers significant savings of 61% over benchmark circuits. A single-V th alternative of the design is also effective and offers power savings of 56.1% and delay savings of 33.17% for a reduced voltage range. The advantage of DVF4 in dual voltage low power design is demonstrated using various test structures and circuit examples.
